The idea of thrombolysis for acute ischemic stroke dates back to the 1950s. Many different drugs, dosages, routes of administration, and times to treatment have been investigated through the 1980s. This experience led to the recent large randomized trials of intravenous thrombolysis completed in the 1990s, the decade of the brain. Three of the trials used streptokinase, and four trials used recombinant tissue plasminogen activator (rt-PA). In this review, we examine these seven randomized intravenous acute ischemic stroke treatment trials, summarize their results, and draw lessons that might be useful for patient care and in future trials.
Acute ischemic stroke is a leading cause of death and disability in developed countries. Until recently, effective treatment during the acute event has been unavailable. Thrombolytic therapy for acute ischemic stroke is an intuitively attractive idea that has been under investigation since the 1950s. 1 The advent of axial computed tomography (CT) of the head was instrumental in patient selection by allowing objective differentiation of hemorrhagic from ischemic infarction. 2 Various approaches, including intra-arterial and intravenous (IV) drug delivery methods have been tried. Local and superselective intra-arterial approaches with relatively low complication rates and high recanalization rates appear promising. [3] [4] [5] [6] [7] [8] [9] The initial studies of IV thrombolysis [10] [11] [12] [13] [14] [15] [16] [17] for acute stroke accumulated sufficient data to justify further largescale randomized, double-blinded, placebo-controlled studies. During the 1990s, seven large randomized trials of IV thrombolysis have been reported. Three trials used streptokinase (SK) and four used recombinant tissue plasminogen activator (rt-PA). This review will summarize these trials and the important lessons learned as they pertain to patient care and future trials.
The Streptokinase Trials
The streptokinase trials include the Multicenter Acute Stroke Trial-Europe 18 (MAST-E), the Multicenter Acute Stroke Trial-Italy (MAST-I), 19 and the Australian Streptokinase Trial (ASK). 20 These studies were all multicenter, randomized, placebo-controlled trials. All were double-blind studies, except MAST-I, which was an open-label trial that also tested the effect of aspirin (ASA). In all of the studies, the dose of streptokinase was 1.5 million units infused over 1 hour as in previous myocardial infarction trials. Although none of the trials performed a preliminary dose ranging study, the ASK investigators performed a small safety trial at this dose only. 20 The primary outcome measure was the reduction in combined death and disability at 3 months in each of the trials. The results are summarized in Table 1 .
MAST-E
The MAST-E Trial, 18 conducted between September 1992 and September 1994 at 48 centers in France and the United Kingdom, included 310 patients with moderate to severe ischemic middle cerebral artery (MCA) infarcts treated within 6 hours of symptom onset. There was concomitant treatment with IV heparin in 65% of the SK group and 75% of the placebo group. ASA also was given to 13% of the SK group and 14% of the placebo group in the first 48 hours.
The study was stopped for safety reasons when the 10-day mortality rate in the SK group reached 34% as compared with 18% in the placebo group (relative risk of 2.18, P ϭ 02). The majority of the early deaths in the SK group (26 of 33) were caused by fatal intracranial hemorrhage (ICH). There was no statistically significant difference in the combined outcome of mortality plus severe disability (modified Rankin score [mRS] 3 or greater) at 6 months between SK (79.5%) and placebo (81.8%) (see Table 2 for a description of the scores). The survivors of this study had slightly better (but not statistically significant) function at 6 months than placebo according to the mRS (P ϭ .05), MAST score (P ϭ .08), and Barthel Index (BI) (P ϭ .06). Also, patients in the SK group had shorter stays in rehabilitation units or nursing homes (43.2 days versus 67.4 days for placebo).
MAST-I
The MAST-I Trial, 19 conducted between May 1991 and February 1995 at 70 centers in three countries, included 622 patients treated within 6 hours of symptom onset and was randomized by an open-label protocol to receive SK, ASA (300 mg), both, or neither (control). If the time of symptom onset was unknown (such as found after waking from sleep), it was considered the midpoint in time from last known normal to the time the neurologic deficit was discovered. Concomitant treatment with IV heparin was not allowed for 10 days except as subcutaneous deep venous thrombosis (DVT) prophylaxis.
MAST-I was stopped before the planned enrollment of 1,500 patients because of safety concerns over increased early mortality in the SK groups. The SK-plus-ASA group had an increased 10-day mortality of 34%, significantly higher than the 19% in the SK-alone group, or the 13% rate in the control group. The 10-day mortality in the groups that received SK (either alone or with ASA) was 27% as compared with 12% without SK (ASA or placebo), odds ratio 2.7 (95% confidence interval [CI] ϭ 1.7-4.4). Symptomatic cerebral hemorrhages were more frequent in the SK-plus-aspirin and SK-alone groups than in the group given neither drug (10% and 6%, respectively, versus 0.6%).
The rate of death or severe disability at 6 months was not significantly different among any of the groups. The SK-plus-ASA group had the highest fatality rate (44%) and lowest severe disability rate (20%), and, conversely, the ASA-alone group had the lowest fatality rate (20%) and the highest severe disability rate (42%).
ASK
The ASK Trial, 20 conducted between June 1992 and Decemer 1994 at 40 centers from four Australian states, included 340 patients (initial goal 600) with moderate and severe strokes, randomized within 4 hours of symptom onset. ASA (100 mg) was given to all patients within 4 hours of SK administration. An a priori hypothesis stated that patients treated within 3 hours would fare better than those treated after 3 hours of symptom onset and 79% were randomized after 3 hours.
The trial was suspended in December 1994 after a safety analysis of the first 300 patients. Those 
rt-PA Trials
The trials involving rt-PA were all multicenter, randomized, double-blind, and placebo-controlled. The European Cooperative Acute Stroke Study Trial (ECASS 1) 21 and the Second European-Australian Cooperative Acute Stroke Study Trial (ECASS 2) 22 treated patients in the 6-hour window. The Alteplase Thrombolysis for Acute Noninterventional Therapy in Ischemic Stroke Trial (AT-LANTIS) 23 treated most patients in the 3-to-5 hour window though it began as a 6-hour trial. The National Institute of Neurological Disorders and Stroke rt-PA Studies (NINDS) 24 were the only ones treating within 3 hours of symptom onset. Antiplatelet and antithrombotic agents were withheld in all studies during the first 24 hours. Of the rt-PA trials, only the Atlantis was stopped before completion, after a futility analysis showed no potential for benefit with rt-PA. The results are summarized in Table 3 .
ECASS 1
The ECASS Trial conducted between late 1992 and early 1994 entered 600 patients at 75 centers in 14 European countries. Patients with moderate to severe deficit were treated with rt-PA (1.1 mg/k, limit of 100 mg) or placebo. The baseline National Institutes of Health, Stroke Scale (NIH-SS) score was 13 in the placebo group and 12 in the treatment group. The outcome measures of the trial were mortality, ICH, and disability. Improvement in disability was defined as a 15-point improvement on the BI or a one-point improvement on the mRS at 90 days. Patients with major early infarct signs on initial CT (such as hypodensity, effacement, or diffuse swelling of more than one third of the MCA distribution) or the most severe hemispheric stroke syndromes were excluded. In anticipation of major protocol violations (predicted 20%, actual 17%), the patients were divided into two groups for analysis, the intention to treat analysis (ITT) (n ϭ 620) and the target population (TP) (n ϭ 511), consisting of those that met the strict inclusion criteria. The most common enrollment violation was CT evidence of major early infarction. There was a higher 90-day mortality in the ITT group with rt-PA (22.4%) than with placebo (15.8%). This difference did not exist in the TP (19.4% versus 14.8%) because the mortality rate among those excluded because of major protocol violations was higher with rt-PA (n ϭ 20, 33.3%) than with placebo (n ϭ 9, 22.1%). There was no significant mortality difference at 30 days in either analysis. The rates of parenchymal hemorrhage (PH) were greater with t-PA (19.8% versus 6.5% for ITT, 19.4% versus 6.8% for TP; P Ͻ .001). A decrease in the duration of in-hospital stay by 4 days (ITT: 21 versus 17 days; P ϭ .002; TP: 21 versus 17 days; P ϭ .004) was found among those treated with rt-PA unrelated to early mortality. The study failed to show a significant improvement on the BI at 90 days in either analysis. There was an improvement on the mRS in the target population (TP) (median score 2 for rt-PA group and 3 for the placebo group, P ϭ .035), but not in the ITT analysis. More TP subjects were independent at 90 days when treated with rt-PA, (40.9% versus 29.2% of the placebo TP; odds ratio [OR] ϭ 1.29, 95% CI, 1.09-1.54). The 90-day median Scandinavian Stroke Scale (SSS) score was better with rt-PA in the TP (P ϭ .03), but not the ITT analysis (P ϭ .54). Treatment with rt-PA provided benefit in both the ITT analysis (P ϭ .003) and the TP (P Ͻ .001) when measured by the combined BI-mRS score at 90 days. ECASS 1 was a negative trial according to its primary endpoints.
A post-hoc analysis of those treated under 3 hours from symptom onset 25 showed a Rankin Score of 0 to 1 in 46% of the rt-PA treatment group versus 21% in placebo (mortality was 26% versus 21%, respectively). Odds ratio for favorable outcome with rt-PA was 1.5 (95% CI, 1.1-2.0, P ϭ .008).
ECASS 2
Based on success in the NINDS trial and the secondary and post-hoc analyses of ECASS 1, a second ECASS trial Modified Rankin Score (mRS) A simplified overall assessment of function. It is a 6-point scale (0-5) that assesses the degree of handicap and overall function. Zero is absence of disability, 1 is no significant disability, 2 is slight disability but fully independent, 3 is moderate disability requiring some help, 4 is assistance with all bodily functions, and 5 is severe disability requiring constant nursing care. Barthel Index (BI)
Assesses the ability to perform 10 activities of daily living over a 100-point scale. A score of 100 would be an individual completely able to care for himself or herself. Points are awarded in increments of 5 or 10, for activities of daily living such as feeding, bathing, grooming, dressing, bladder/bowel control, transferring, and ambulation on level surface and stairs. Glasgow Outcome Scale (GOS)
A 5-point global assessment of function. A score of 1 is good recovery, 2 moderate disability, 3 severe disability, 4 is survival but in vegetative state, and 5 is death. The original GOS scale had the reverse order with score of 1 as death, but it was reversed in the NINDS studies to better correlate with the other stroke scales. Ͼ3°ECASS 2 used a lower dose of rt-PA at 0.9 mg/kg and was aggressive in excluding patients with CT evidence of major early infarction. The median NIHSS score at entry was low (11). The primary outcome measure was the proportion of patients with mRS ϭ 0 or 1. There was no significant difference from placebo. Post-hoc analysis showed benefit for rt-PA using mRS of Յ2 as the outcome measure. Abbreviations: Sx ICH, symptomatic intracerebral hemorrhage; PL, placebo; ITT, intention to treat; TP, target population.
LESSONS LEARNED
was undertaken using a lower dose of rt-PA, 0.9 mg/kg (limit 90 mg) within 6 hours of symptom onset. The ECASS 2 Trial 22 entered 800 patients with moderate to severe ischemic stroke (median NIH-SS score of 11) at 108 centers in Europe, Australia, and New Zealand between October 1996 and January 1998. Patients were analyzed by time to treatment, 0 to 3 hours and 3 to 6 hours. Strict exclusionary CT criteria again were applied. The primary endpoint was favorable outcome (mRS score of 0 to 1) at 90 days. Secondary endpoints were the change from baseline to days 30 on the NIHSS (see Table 1 ) and the combination of BI and RS at day 90.
The 72 (9.0%) protocol violations were mostly caused by a breech of the CT criteria. These were excluded from the ITT analysis (n ϭ 800) group and analyzed as TP. There was no significant difference in favorable outcome by mRS (0 to 1); it was 40.3% [CI 35.6%-45.4%] with rt-PA and 36.6% [CI 31.8%-41.6%] with placebo. However, in a post-hoc analysis, treatment with rt-PA increased the proportion of independent patients (mRS score 0, 1, 2; 54.3% versus 46.0%; P ϭ .024). By day 30, the median NIHSS score improved more in the rt-PA group (P ϭ .035). Mortality did not differ between the two groups. No benefit was found among the 20% of patients treated in the 0-to-3-hour window.
ATLANTIS
The ATLANTIS Trial, 23 conducted between December 1993 and July 1998 in 140 university and community hospitals in North America, included 613 patients (ITT population) with a mean baseline NIHSS score of 11. The target population of 547 patients, enrolled between 3 and 5 hours of symptom onset, were randomized to receive 0.9 mg/kg of rt-PA (n ϭ 272) or placebo (n ϭ 275). The study began as a 0-to-6 hour trial and was modified because of safety concerns in the 5 to 6 -hour window and Food and Drug Administration (FDA) approval of rt-PA in the 0-to-3-hour window. A total of 39 (6.4%) patients were treated within 3 hours, 547 (89.2%) within 3 to 5 hours (the target population), and 24 (3.9%) patients were treated after more than 5 hours. The primary outcome measure was NIHSS score of 1 or less at 90 days; secondary end points of BI, mRS, and Glasgow Outcome Scale (GOS) at 30 and 90 days (Table 1) .
Similar to the ECASS-1 study, patients with CT findings of hypodensity, loss of gray/white distinction, and/or effacement of cerebral sulci involving more than a third of the MCA territory were excluded. The TP population had a significantly greater rate of major neurologic recovery (11 point improvement in NIHSS) with rt-PA, 40% versus 31% with placebo (P ϭ .02) on day 30, and 45% with rt-PA versus 36% with placebo (P ϭ .03) on day 90. This similar improvement was found only in the ITT group at day 30 (41.1% versus 32.2% [P ϭ .02]). In the ITT and TP rates of ICH in the treatment group were significantly increased as compared with placebo (symptomatic ICH: 7.0% with rt-PA versus 1.1% with placebo; P Ͻ .001). Those treated after 5 hours suffered significantly higher rates of ICH and death. This trial was stopped before completion when an interim futility analysis revealed no hope for a positive outcome based on the primary endpoint.
NINDS
The NINDS rt-PA Stroke Trial 24 represents two consecutive trials that differed only in the definition of their primary and secondary outcome measures. They enrolled 624 patients (median baseline NIHSS score of 14) from January 1991 through October 1994 at 8 centers in the United States to receive 0.9 mg/kg (10% as a bolus, followed by a 1-hour infusion, 90 mg limit) or placebo within 3 hours of symptom onset. The patients were further divided into two groups based on the time from symptom onset to the start of infusion of rt-PA or placebo (0 to 90 minutes and 91 to 180 munutes). Part 1 (n ϭ 291), from 1991 to 1993, tested whether rt-PA had early clinical activity, as indicated by the proportion of patients with major neurologic improvement (MNI), an improvement of 4 points or more over baseline NIHSS score, or resolution of symptoms (NIHSS score ϭ 0 or 1) within 24 hours. Part 2 (n ϭ 333), from 1992 to 1995, also known as the pivotal efficacy study, primarily assessed functional outcome at 90 days, a secondary endpoint in Part 1. Patients were dichotomized into favorable or unfavorable 90-day outcomes (favorable defined as NIHSS score of 0 or 1, BI of 95 or more, mRS of 0 or 1, GOS of 1).
Patients were excluded if there was evidence of ICH on the baseline CT scan, but not for major early ischemic changes as in the ECASS studies. Further, a BP of more than 185/110 mm Hg at the time of treatment was exclusionary. After treatment began, blood pressure was maintained in prespecific values. All analyses were based on the intention to treat.
In Part 1, the proportion of patients with MNI was similar in both rt-PA and placebo groups; however, a statistically significant improvement in median NIHSS scores at 24 hours was observed (eight in the rt-PA group and 12 in the placebo group, with a median baseline NIHSS score of 14 in both groups), providing post-hoc evidence of early activity. Functional outcome of 3 months (the secondary endpoint) in Part 1 showed an absolute increase of 15% to 20% in the proportion of rt-PA treated patients with a favorable outcome. The global statistic showed an odds ratio of 2.1 (95% CI, 1.3-3.2) in favor of treatment using rt-PA as compared with placebo on the secondary endpoint.
In part 2, there was an absolute increase of 11% to 13% in the proportion of patients with a favorable outcome, using rt-PA as compared with placebo, confirming the findings from Part 1. The global statistic showed that the odds ratio for improvement with rt-PA was 1.7 (95% CI, 1.3-3.1) and each of the 4 outcome measures at 90 days showed benefit for the rt-PA group. The positive effect found in both parts of the NINDS study was independent of age, baseline NIHSS score, stroke subtype, and ASA use before treatment.
No significant difference in outcome according to the time to treatment (dichotomized between 0 and 90 minutes versus 91 to 180 minutes) in either Part 1 or Part 2 was found in the initial analysis. There was no significant difference in mortality between the groups by day 90 (rt-PA 17% versus 21% of placebo; P ϭ .30). Symptomatic ICH during the first 36 hours occurred significantly more often in treatment patients (Part 1: rt-PA 6% versus placebo 0%; Part 2: rt-PA 7% versus placebo 1%; P Ͻ .001). Patients with symptomatic ICH had a more severe baseline neurologic deficit (median NIHSS score of 20) compared with the study population as a whole (median NIHSS score of 14).
It was concluded that despite the increased risk of symptomatic ICH, treatment with rt-PA provided consistent improvement in functional outcome at 3 months and without increasing morbidity or mortality. These have been the only major trials to show benefit with rt-PA and served as the basis of FDA approval of rt-PA for acute ischemic stroke within 3 hours of stroke onset in 1996.
Lessons Learned
Significant experience has been gained in the conduct of the trials reviewed above. This section will discuss some of the lessons learned that might allow for better patient care and may impact future study design.
Time Is Not on Your Side!
The only positive thrombolytic trials for acute ischemic stroke was conducted in a very short time window, 0 to 3 hours, with nearly half of the patients being treated in the 0-to-90 -minute window. The mean time to treatment was 4.4 hours for ECASS 1, and only 20% of the ECASS 2 patients were treated under 3 hours. In the ATLANTIS trial, the time to treatment was 4.5 hours after the 5-to-6 -hour window was closed because of increased early ICH and mortality. Among the SK trials, MAST-E treated patients 4.6 hours after stroke onset, and MAST-I only treated 25% of patients within 3 hours. The protocol in MAST-I allowed for extrapolation of the time of onset; therefore some patients might have been treated as long as 9 hours after stroke onset. The ASK trial treated within a mean time of 3.46 hours in a 4-hour protocol, with 20.6% of patients treated under 3 hours. Poor outcomes were confined to those treated beyond 3 hours (including a higher death rate, RR ϭ 1.98). Better outcomes were related to earlier treatment (P ϭ .04).
Initial analysis of the NINDS data did not reveal a difference in treatment effect between those treated early and those treated later within the 3-hour window. Further post-hoc analysis found that there was a difference between the 0-to-90 -and 91-to-180 -groups but that it was hidden by a covariate, the baseline NIHSS score. 26 The baseline NIHSS score in the earlier group was 15.2 and 13.5 in the later group. After adjusting for this difference, a relationship between outcome and time to treatment was uncovered. Patients treated very early (less than 60 minutes from onset of symptoms) had an odds ratio for favorable outcome of nearly 4.0. Meanwhile, patients treated near the minute 180 had an odds ratio for favorable outcome approaching 1.0 (Fig 1) . 26 ).
Figure 1. Graph of model estimating odds ratio for favorable outcome at three months in rt-PA-treated patients compared with placebo-treated patients by time from stroke onset to treatment (OTT) with 95% confidence intervals, adjusting for the baseline NIHSS. Odds ration g 1 indicates greater odds that rt-PA treated patients will have a favorable outcome at the 3 months compared with the placebo-treated patients. Range of time from stroke onset to treatment start was 58 to 180 minutes with a mean () of 119.7 minutes (reprinted with permission
The time window for successful thrombolytic treatment of acute ischemic stroke is clearly limited. Whether a 3-hour time window applies to all patients is unknown and might depend on individual factors, such as collateral circulation and severity of ischemia. Longer time windows for thrombolytic trials might have been chosen to increase the number of patients treated and the feasibility of treatment, but not based on the underlying pathophysiology. Earlier time windows are supported by both laboratory and clinical trials, 27, 28 showing that longer time to treatment increases the risk of ICH and decreases the chance of a favorable outcome. Thus, it is critical to treat patients as early as possible to resist the tendency to delay treatment until the last minute.
More Might Not Be Better
When it comes to the dose, more might not be better. The question of the correct dose has not been completely answered. In SK trials, the dose was determined by adopting the dose used for acute myocardial infarctions. There were no dose ranging trials for SK, although the ASK investigators did conduct a limited safety trial. All of the SK trials were stopped for safety reasons. The failure of the SK trials might be caused, in part, by issues regarding dose or a combination of factors such as the dose, late treatment time and high stroke severity.
Dose ranging studies were conducted for rt-PA. In ECASS 1, a dose ranging study did not show any evidence of a dose response in regard to efficacy 29 ; therefore, a dose similar to acute myocardial infarction (MI) doses was used. In the NINDS trial, dose-ranging studies 16, 17 found a dose effect in regard to safety, that higher dose produced more ICHs. This is consistent with thrombolysis trials for acute myocardial infarction in which overdosing, especially in those with low body mass, is a well-established risk factor for ICH. 30 The dose chosen for the NINDS trial was the greatest dose that did not result in any ICH in the pilot studies. Doses from 0.35 mg/kg to 1.08 mg/kg were administered within 90 minutes of symptom onset in the first pilot study. Two of 22 patients that received a dose of 0.95 mg/kg suffered an ICH, whereas none of the patients treated with 0.85 mg/kg suffered an ICH. Whether this is also the smallest dose that is effective is unknown. The amount of thrombolysis needed might be related to the clot burden. Future trials require customized reperfusion strategies based on the severity of the stroke or the clot burden.
Heparin Might Be Harmful
At this time, there is no evidence to show that heparin is beneficial for the primary treatment of acute ischemic stroke (AIS). 31, 32 Heparin in the setting of thrombolysis for AIS might contribute to the risk of hemorrhage. In MAST-E, 65% of SK-treated patients and 75% of placebo patients received full heparinization. The symptomatic ICH rate was 21.2% with SK and 2.6% with placebo. The rate of symptomatic ICH in the placebo group was similar to that found in other trials, but the rate in the MAST-E SK group was much higher than in ASK (12.6%) or MAST-I (6%). Although this might be confounded by factors such as stroke severity, blood pressure control, or time to treatment, data from the intra-arterial trial Prolyse in Acute Cerebral Thromboembolism I (PROACT I) 33 would support the notion of a dose-dependent increase in ICH when heparin is combined with thrombolysis. During the PROACT I trial (intra-arterial thrombolysis within 6 hours of onset), the heparin infusion was decreased from 100 U/kg bolus with 1000 U/hr to a 2000-U bolus with 500 U/hr because of increased ICH. The symptomatic ICH rate dropped from 27% to 6.7%, but the rate of recanalization also dropped, from 82% to 40%.
The rt-PA trials prohibited the use of antithrombotic or antiplatelet drugs during the first 24 hours. Although a minority of patients took ASA before their stroke in the rt-PA group of the NINDS trials, it did not increase the risk of subsequent ICH. Thus, there is no indication for IV heparin administration in the setting of thrombolysis for AIS, and it actually might be harmful.
Big Strokes Tend to Bleed
Patients with large neurologic deficits, large areas of cerebral ischemia, or areas of severe ischemia are more likely to suffer an ICH after thrombolytic therapy and reperfusion. In MAST-E, in which 30% of the patients suffered severe MCA stroke, the rate of parenchymal hematomas was 22% and the hemorrhagic conversion rate was 54% after SK. The placebo group suffered a much lower rate of parenchymal hematoma formation (2.6%) but still had a high rate of hemorrhagic transformation (41%). In the NINDS trials, those suffering a symptomatic ICH had a high mean NIHSS score of 20. Overall those with the most severe strokes (NIHSS score greater than 20) had a 17% rate of ICH. 34 The ECASS studies excluded patients with very severe strokes (hemiplegia, impaired consciousness, forced eye deviation) because of the perceived increased risk of ICH.
In cases of severe ischemia (caused by volume of infarct or duration of infarct), with a high likelihood of hemorrhagic transformation, thrombolysis might convert hemorrhagic infarctions into parenchymal hematomas. In ECASS 1, the total number of hemorrhagic events was not significantly different between the groups (43% with rt-PA and 37% with placebo). There was a higher rate of parenchymal hematomas with rt-PA (20%) compared with placebo (6.5%) and a lower rate of hemorrhagic transformation with rt-PA (23% versus 30%). Because ECASS excluded patients with very severe syndromes, this might imply that the duration of symptoms allowed for greater ischemic damage and, consequently, a higher susceptibility to ICH.
Antithrombotic agents were avoided in ECASS and NINDS trials for the first 24 hours, but were allowed in all SK trials that might have increased their risk of ICH, especially in view of late treatment and large strokes.
Big Strokes Are Bad
Despite the inherent risks of thrombolysis for AIS, not treating can be equally deleterious. Patients judge a life of severe disability (inability to care for any of one's basic needs with full dependency) as an outcome equally adverse as death. 35 Therefore, it is important to understand the impact of not treating potential candidates, especially if their stroke is very severe. These randomized trials provided optimal standardized management and gave us insight into the natural history of stroke from the hyperacute phase through 3 to 6 months.
In MAST-I, the rate of death or severe disability at 6 months was 62% with SK alone, 63% with SK plus ASA, 61% with ASA alone, and 68% with placebo despite the increased early mortality and high ICH rate in the treatment group. Ultimately the placebo group had a higher rate of poor outcomes because of the natural history of large strokes. In MAST-E, the placebo group had a 38.3% mortality rate and a rate of combined mortality or severe disability of 81.8% at 6 months.
Is it futile to treat patients with severe strokes because they are likely to have a poor outcome or suffer an ICH? In a subanalysis of the NINDS trials 34 looking at those with the most severe strokes (NIHSS score greater than 20), 76% of the placebo group were severely disabled or dead at 3 months, whereas 69% of the rt-PA group were severely disabled or dead at 3 months. Those with severe strokes were still more likely to have a favorable outcome with treatment than without treatment (OR ϭ 4.3, 95% CI ϭ 1.6-1.9) despite the risk of ICH. Of this subset, 10% of the rt-PA group and 4% of the placebo group returned to normal function. Patients that do not receive thrombolysis are not exempt from complications; for example, in ECASS 2, cerebral edema was the most common cause of death in the placebo group.
Conversely, patients with smaller strokes tend to have better outcomes and a lower risk of ICH. This can be seen in ECASS 2, in which patients with lower median baseline NIHSS scores were enrolled (11 in both groups) as compared with NINDS (14 versus 15) and ECASS 1 (13 versus 12). The mortality rates at 90 days were concomitantly lower in ECASS 2 (rt-PA 10.5% versus placebo 10.7%) as compared with ECASS 1 (rt-PA 22.4% versus placebo 15.8%) and the NINDS trial (rt-PA 17% versus placebo 21%). In the NINDS trial, those with NIH-SS scores of less than 10 had a symptomatic ICH rate of 3%.
In the NINDS study, despite a higher risk of ICH and death, patients with severe strokes still respond to treatment, showing a lower risk of severe disability and a greater chance to return to normal function. Thus, according to the treatment criteria from this study, there is no group that has been identified to date that should not be treated with intravenous rt-PA within 3 hours of symptom onset. 36 Rather, the risks and benefits of treatment compared with the risks and benefits of no treatment should be evaluated in view of the impact the stroke might have on the patient's quality of life.
Protocol Adherence Is Paramount
Protocol development is one of the most important tasks that must be completed before treating patients with thrombolysis for AIS. It can be very difficult to try to coordinate all of the necessary steps in patient management on a spur-of-the-moment basis when a patient presents for acute treatment. In the NINDS trial, in which patients were treated within 180 minutes of onset of symptoms, a great deal of attention was paid to systems development. 37 Participating institutions spent almost a year in preparation to ensure that the all of the components of care, from prehospital systems to acute stroke units, were working together. Flow-charting was used to identify and address bottlenecks in the care process.
In addition to patient care protocols, patient selection and treatment protocols must be in place. This allows for rapid evaluation in regard to inclusion and exclusion criteria, blood pressure management, and management of any complications. The NINDS rt-PA Stroke Study Group published their experience with protocol development and a systems approach to stroke care. 37 Despite these efforts, post-hoc analysis showed that it takes more time to treat a patient when more time is available in the 3-hour window. For example, 30 minutes more were used before initiating treatment in patients treated within the 91-to 180-minute window than in the 0-to 90-minute window. 26 This is supported also by the experience in some of the phase IV studies. 38 These protocols were a key part of the success of the NINDS trials and are now supported by the American Heart Association. 39 For example, strict blood pressure inclusion criteria (185/110), with standardized monitoring and treatment protocols for the first 24 hours, may have decreased the complication rate without harming patients from hypotension. 40 These types of systems interventions were not reported in the other trials.
Protocol Violations are Perilous
Violations of strict entry protocols can be very dangerous. The ECASS 1 study anticipated a 20% rate of protocol violations. Actually, 17% of patients (n ϭ 109) violated the entry criteria and should not have been randomized. Most of them (n ϭ 66) violated the prespecified CT scan criteria that excluded patients with early ischemic changes in more than one third of the MCA distribution. The mortality among those that were treated and violated the protocol was 33% (40% if CT criteria were violated), much higher than the 14.6% in the treated target population (those without protocol violations).
The American Heart Association has made recommendations regardingpatient selection criteria. 39 Evidence from Phase IV studies 38, 41 in centers that follow these guidelines supports the notion that complications are much higher in those patients that are treated outside of accepted protocols (See next article for details).
Placebo Often Works
Patients entered into the standardized environment of well-designed trials often have better outcomes even in the placebo group. This can make it difficult to show that a treatment is effective if the placebo group improves more than anticipated from historical evidence. In acute stroke trials, patients are often cared for in stroke units in which stroke vital signs such as blood pressure, pulse, temperature, glucose level, pulmonary status, cardinal neurologic signs, and so on, are monitored and patients are aggressively treated. Stoke units have been shown to decrease death and disability. 42 In ECASS 2, 36.6% of the placebo group and 40.3% of the treatment group had a favorable outcome (mRS ϭ 0 or 1) at 90 days. In the initial analysis, a 30% response was predicted in the placebo group to detect an absolute difference of 10% in the treatment group. From the results obtained, the investigators subsequently concluded they needed at least twice as many patients as were enrolled to show a significant difference in the predefined primary endpoint.
In Part 1 of the NINDS trial, an MNI (meaningful neurologic improvement) was defined as a 4-point improvement over baseline NIHSS score or a NIH-SS score of 0 or 1 at 24 hours. Thirty-nine percent of the placebo group and 47% of the rt-PA group had MNI. It was anticipated that only 20% of the placebo group would achieve this level.
In both of these trials, the placebo group performed better than anticipated. This might have been caused by either the goals being too easy to reach or the effect of standardized and systematic care (with specific attention to detail) used in each trial.
Outcome Measures Can Determine Trial Outcomes
Determining whether a trial is positive or negative rests with its ability to show improvement by its predefined primary outcome measures. All other outcomes are considered secondary, post-hoc, or exploratory. Unlike trials of thrombolysis in myocardial infarction, the determination of the primary outcome measure is difficult for acute stroke trials as stroke is more disabling than lethal, and there is no gold standard to measure disability. In acute myocardial infarction, the leading cause of death in industrialized societies, the primary outcome of trials is often mortality, an objective endpoint. The ECASS trials are both negative according to their primary outcome measures. Yet, secondary analysis, analysis of target populations, and post-hoc analysis with different endpoints show benefit from rt-PA therapy in certain populations. Choice of different primary outcome measures might have resulted in positive trials. Similarly, in the NINDS trials, the primary outcome of Part 1 was negative. Had the investigators chosen a 6-point or greater change instead of a 4-point change in the NIHSS score as the definition of major neurologic improvement in Part 1, the primary endpoint would have been positive. 43 For the evaluation of long-term function in Part 2 of the NINDS trial, the investigators chose to use four outcome measures (mRS, BI, GOS, and NIHSS). To reconcile all 4, especially if some had indicated opposite results, the global statistic was applied. 44 The use of this novel approach in clinical trials allows a combined evaluation of multiple endpoints into a single odds ratio with more power than any of the component outcomes. In the NINDS trial, all four outcome measures indicated a consistent and persuasive difference from placebo and the global outcome statistic showed an odds ratio of 2.0 (95% CI, 1.3-3.1) in favor of treatment.
Early Ischemic Changes on CT Scan Might Not Be Early (Or, It's Later Than You Think)
The ECASS studies attempted to exclude patients with major early infarct signs (diffuse swelling, hypodensity, or sulcal effacement) involving more than a third of the MCA territory on the initial CT scan. This was done because these patients were thought to be at high risk for subsequent ICH and death. 45 The actual ICH rate among those patients treated with rt-PA in the 6-hour window who had major early infarct signs on initial CT scan was not higher (19.4% versus 19.8%), but the mortality rate was higher (32% versus 16%).
The NINDS investigators did not exclude patients with major early infarct signs and only excluded patients with evidence of ICH on the initial CT scan. Yet, the symptomatic ICH rate was 6.4%, much lower than in the ECASS trial. Mass effect or obvious hypodensity was noted on initial CT in 5% (n ϭ 16) of the NINDS rt PA-treated patients 34 and four died within 10 days. The volume of these findings was not quantitated as in ECASS. This subgroup did have an increased risk of ICH, but it did not outweigh the benefit of treatment; therefore, the risk of finding early CT changes seems timedependent.
As signs of ischemia on CT scan are time dependent, the question arises as to the importance of the early infarct signs when applying data from a 6-hour protocol to patients being treated in a 3-hour protocol. The current American Heart Association guidelines suggest that patients with major early infarct signs should be excluded from therapy within 3 hours, although data from the NINDS trials does not support this recommendation. For patients in the 3-hour window, detecting these findings might mean that the duration of ischemia is much longer than originally thought and further investigation of the time of symptom onset is warranted.
Advances in CT technology over the past decade complicate this issue further. The new generation of CT scanners can provide greater detail though their significance in helping to decide on rt-PA treatment remains uncertain. Many of the early infarct signs that we are detecting with today's scanners might not have been seen on the scanners used in these trials 7 to 10 years ago.
Conclusion
From the evidence gathered, it is clear that the time window to intervene most successfully in acute ischemic stroke treatment is less than 3 hours. Also, it has become obvious that attention to stroke vital signs has to be paid in the context of a predetermined protocol. Treating patients with a multidisciplinary approach is needed to achieve optimal results.
Other disease processes also call for rapid intervention and a multidisciplinary approach. We have the golden hour in trauma, the first 4 hours in acute myocardial infarction, and the early intervention in sepsis, as models for stroke care. An integrated approach will require full cooperation of emergency medical services, emergency medicine, and the neurosciences, along with the creation of protocols and pathways to help apply the lessons we have learned from these trials to stroke's 60 minutes to treatment.
